In a multi-tier supply network, sourcing strategy, consisting of supplier selection (SS) and order quantity allocation (OQA) to selected supplier(s), is a critical and challenging task for practitioners. Every player, in every tier of sourcing network, attempts to select quality conscious suppliers and optimise its own inventory cost per unit time for OQA. However, this may results in sub-optimal solution(s) for overall multi-tier supply network. Considering centralised sourcing strategy for SS and OQA may provide global best solution and sustainable supply network. This paper attempts to quantitatively illustrate inventory cost saving for coordinated centralised sourcing strategy for all tiers compared to independent decentralised sourcing strategy at individual tier in the supply network. Suitable mathematical models (single and multi-tier) and corresponding solution framework is used to determine local optima and global best solution for a comparative analysis. A real life electric goods manufacturing industry case study is used to demonstrate significant cost advantage for a centralised as compared to decentralised sourcing strategy. Sensitivity analysis with varied unit material price is also illustrated in this study.
Introduction
Globalisation and sustainability of business has led to increase in varied sourcing activities (or decisions) of manufacturing organisations (Aissaoui et al., 2007; Azadnia et al., 2015) . Sourcing is an important operations strategy to enhance performance of today's global supply chains (SCs). For long term sustainability in a supply chain, adherence to quality norms by suppliers, optimal inventory level, minimum network inventory cost, and on-time delivery are essential components. These can also boost improvements, competitiveness, and quality culture in the network. In this context, a coordination sourcing strategy, with emphasise on selecting best supplier(s) and allocating optimal order quantities to selected suppliers in a multiple tier supply network may help reduce overall inventory cost and improve product quality.
Sourcing strategy is primarily divided into two stages, viz. supplier selection (SS) and order quantity allocation (OQA) for selected suppliers. There are few mathematical models and solution approaches for SS and OQA contributed by eminent researchers. However, organisations are not willing to apply many of these solutions due to complexity of implementation with varied restrictive assumptions (Erdem and Gocen, 2012) . There is also little quantitative evidence about the magnitude of cost advantages and improved performance in real life supply networks.
Supply network of an organisation (say, OEM) may have multiple tiers (or stages) and can consist of multiple suppliers at each tier. In a typical two-tier supply network, supplier(s) who supply finished or semi-finished products directly to manufacturer (organisation) are referred to as Tier-I suppliers. These Tier-I suppliers may further procure raw material/semi-finished products from their own supply sources, so-called Tier-II suppliers. Considering all tiers of suppliers along with OEM is generally referred to as multi-tier supply network for a finished product or component. A typical manufacturing supply network with two-tier is illustrated in Figure1. It is reported (Weber et al., 1991) that in manufacturing organisations, materials purchased from Tier-I suppliers account for more than 50% of total finished product cost. Hence purchasing can be considered as a major area for cost reduction. Improving relationship with suppliers can help OEM jointly pull materials cost (Christopher, 2016) and negotiate with suppliers for better contract (Sharma and Swapp, 2016) . Thus, sourcing strategy at each tier can play an important role in determining product quality, cost and profit margin. Depending on purchase objective(s) and cost constraints, OEM can opt for single sourcing or multiple sourcing strategies. In this research, manufacturing organisation with multiple sourcing strategies is considered for mathematical model development. Although organisation maintains multiple sources of supply, management of large supply base becomes difficult due to duplication of wide range of SCM activities (Monczka et al., 2015) . A reduced supply base enables OEM to focus time and resources on developing deeper supplier relationships that are aligned with long term strategic objectives of OEM (Talluri et al., 2013; Roh et al., 2014) . In this context, long term aim may be to consolidate or reduce supplier base (Dyer, 2000) . Reduction in supply base means more business to the selected suppliers who can provide higher service level to OEM (Song et al., 2014) . Some other benefits of supply base reduction include reduced inventory cost (Treleven, 1987) , economies of scale due to volume business to limited number of suppliers (Hahn et al., 1990) , and sustainable supplier development effort (Handfield, 1993) . In addition, managing supply network becomes much easier with fewer suppliers, and OEM can improve coordination with limited set of quality suppliers (Razmi and Mohammad, 2009) .
In sourcing strategy, SS and OQA decisions are influenced by various intrinsic and extrinsic factors, such as storage capacity of OEM, supplier manufacturing capacity, and quality performance indicator(s) of suppliers. In practice, these decisions are taken in isolation (decentralised way) by individual organisation at different sourcing layer (tier) for optimising its own inventory cost performance. However, there can be a win-win situation for players in the network, in case a centrally coordinated (centralised way) sourcing strategy is implemented for a multi-tier supply network. This may encourage healthy competition, improved product quality, enhance sustainability in supply network and attain global best solution for all tiers instead of local sub-optimal solution(s) of individual tier.
Instigated to validate the above opinions, this research work attempts to quantitatively illustrate cost advantage of a centralised sourcing strategy as compared to decentralised isolated sourcing strategy for a single finished product with deterministic demand. In addition, literature review in Section 2 also indicates a lacuna in quantitative case-based analysis for a multi-tier supply network to illustrate possible cost advantage for a centralised sourcing strategy.
In this paper, Section 2 provides critical review of literature and objectives of this study. Section 3 discusses mathematical model formulations for centralised and decentralised sourcing strategies. Section 4 provides optimal solution (decision) approaches for centralised and decentralised sourcing strategies, considering minimisation of supply network inventory cost as primary objective. Section 5 verifies the frameworks and provides evidence of cost advantage of centralised sourcing using real life case study. Section 6 provides concluding remarks. Section 7 provides implications of the research along with future research directions.
Literature review
Supply chain management (SCM) is the process of planning, implementing, and controlling efficiently flow and storage of raw materials, in-process inventory, finished goods, and relevant information from point of origin to a point of consumption for the purpose of conforming to customer requirements (Simchi-Levi and Edith, 2004) . Basic objective of SCM is to coordinate activities between constituent organisations to produce quality products and distribute it effectively (Hamta et al., 2015) . Thus, coordination between organisations is essential for effective management of SC.
An accepted definition of SC coordination is the act of managing dependencies between entities working towards mutually defined goals (Malone and Kevin, 1994) . When organisations in SC coordinate with each other, they achieve better results compared to working in isolation (Simatupang and Ramaswami, 2002) . Kanda and Deshmukh (2008) reviewed different perspectives of SC coordination and stated four fundamental elements of effective SC coordination viz. SC contracts, information technology, information sharing, and joint decision making. Fawcett and Gregory (2002) mentioned that managerial inertia, coordination restricted only to 1st tier members in either direction of SC, and lack of transparency of information can result in inefficient SC. Ignoring such issues may result in increase of stock-out situations, transhipment, excess inventories, obsolescence and disposal cost (Fisher et al., 2006) . It is expected that to improve overall SC performance, all SC members need to act as a unified entity and coordinate with each other. In this context, Park (2005) mentioned that integrating SC processes into a single mathematical model for optimisation can provide efficient solution to improve SC performance and sustainability. Individual optimisation of each SC process may result in sub-optimal solution(s). Thus, in the context of inventory cost reduction, there exists scope for higher saving if organisations in SC coordinate with each other to minimise overall inventory cost and determine optimal order quantities.
It is to be mentioned that most studies on coordination in SC are confined to only two levels of the network, and there seems a need to extend it to multi-level SC (Ghodsypour and O'Brien, 2001 ). However, integrated SC coordination, encompassing multiple levels (tiers) with complex interaction between upstream and downstream members, in realistic situation, is a difficult task. In this context, for effective SC performance and cost advantages, coordination on procurement and inventory decisions between SC members can play a significant role.
Key procurement and inventory decisions are SS and OQA. Factors considered to arrive at these decisions are demand for a product, number of members in SC, and length of planning horizon. In addition, conflict in inventory policies between SC members, and non-availability or exchange of inventory information between SC members complicates the decision process (Kanda and Deshmukh, 2008) .
Inventory decisions of an organisation are generally governed by its sourcing policy. As materials (finished or semi-finished) are procured from supplier(s), selected suppliers' performance with respect to cost and quality always influences total inventory cost. In this context, Boer et al. (2001) extensively discussed all steps in SS process, and formulated strategy to determine final choice of suppliers. SS decision may also be expressed as a mathematical optimisation problem with single or multiple objectives. Pan (1989) mentioned that in case of single objective formulation, cost is considered as a primary objective and other objectives are added as secondary constraint conditions. To resolve a single objective SS problem, commonly suggested techniques includes linear or mixed integer programming (Ghodsypour and O'brien, 1998) . Ellram (1990) proposed total cost of ownership (TCO) for SS decision. Their study considered eleven organisations with all costs associated with suppliers, including materials purchasing cost, transportation cost, and downtime cost because of rejection. Timmerman (1987) suggested cost ratio method for SS problem. In his study, all costs, including quality, delivery and service, were quantified and expressed as percentages of total unit cost of materials.
SS problem may be also expressed as a multi-criteria decision making (MCDM) problem and cost, quality, and delivery performance may be considered as other critical criteria (Keskin et al., 2010) . Due to presence of interaction between these criteria, individual single objective optimisation approach may not be suitable (Wind and Patrick, 1968) . Thus, researchers (Buffa and Wade, 1983; Nydick and Ronald, 1992; Sharma et al., 1989) had suggested multi-objective approach for SS problem. For a single item, Buffa and Wade (1983) used goal programming approach to solve a multi objective SS problem. Amid et al. (2006) used fuzzy multi-objective linear programming for assigning weights to the criteria used for SS. Vagueness and imprecision in SS data was effectively handled in their research. Weber et al. (1993) used multi objective programming for just in time (JIT) environment, considering price, delivery and quality as criteria. By varying weights of the criteria, number of alternative solutions were generated, to provide flexibility in decision making. Nydick and Ronald (1992) used analytic hierarchy process (AHP) for dealing with multiple conflicting quantitative and qualitative SS criteria. They used pairwise comparison between different alternatives, based on different criteria, to arrive at the final decision. Ghodsypour and O'Brien (1998) used AHP for resolving SS problem. In their work, both qualitative and quantitative factors are considered. Sarkis and Srinivas (2000) suggested analytic network process (ANP) to overcome inconsistency in decisions of AHP for SS problem. Petroni et al. (2000) used principal component analysis to solve SS problem. A case study in a medium size bottling plant was conducted and information on inputs and outputs of suppliers was used for analysis. In their study, an alternative approach for determining relative importance of each attribute was devised, to eliminate subjectivity in decision making. Holt (1998) reviewed SS techniques, such as fuzzy set theory, multiple regression, multi attribute analysis, multivariate discriminant analysis, specifically for construction industry. Weber and Desai (1996) , considering JIT environment, proposed data envelopment analysis (DEA) for evaluation of pre-selected suppliers. Supplier performance was compared against benchmark performance to negotiate with low performing suppliers. Criteria used for supplier evaluation were price, quality and delivery performance. Liao and Rittscher (2007) used multi-objective SS optimisation model with uncertain demand, capacity constraints, and stochastic behaviour of SC network. Criteria considered in their study were total cost, late delivery rate, flexibility rate, and rejection rate of suppliers. Velasquez and Hester (2013) critically reviewed MCDM techniques, highlighting advantages and limitations of these techniques. In this context, integrated AHP and goal programming are reported as frequently used MCDM techniques. However, an important limitation of AHP, as reported, is interdependence between criteria which may result in inconsistency in decision process. Goal programming is integrated with suitable MCDM techniques to find the relative weight coefficients. To overcome these limitations, an easy to implement, desirability function-based MCDM approach is recommended for SS in this research. Matthew et al. (2000) has stated that desirability function approach is one of the popular techniques for optimising multiple criteria.
Second important decision in sourcing strategy after SS is OQA. This decision has direct impact on inventory cost of SC network. However, very few models are available addressing OQA problems (Ghodsypour and O'Brien, 2001) . Table 1 provides summary of open literature addressing SS and OQA problem.
In the context of coordination among different players in SC, a summary of relevant research works that emphasised on coordination to optimise SC cost and improve performance are provided in Table 2a and Table 2b . It is observed that upstream SC members, considered in these coordination models, are only confined to Tier-I suppliers.
As per literature review and Table 1 , it is evident that research related to SS and OQA is restricted mainly to Tier-I supplies. In this context, model developed by Mendoza and Ventura (2010) allocated multiple orders to Tier-I suppliers and considered average acceptance rate of suppliers as one of the constraint. However, their model did not distinguish between quality conscious suppliers and the suppliers who do not adhere to quality norms. In addition, storage space constraint of buying firm was ignored in all open literature models. These review instigated authors to contribute and extend research by developing a suitable approach for SS and OQA decisions for centralised coordinated multi-tier supply network with quality and storage space constraints. Thus, the objectives of this research are set as:
1 Developing a mathematical inventory cost optimisation models for decentralised and centralised sourcing strategy for a multi-tier supply network.
2 Propose an optimal solution approach for SS and OQA decisions for decentralised and centralised multi-tier supply network.
3 Verify suitability of the proposed approach using a real life manufacturing case study.
4 Determine any cost advantage for centralised sourcing strategy over decentralised isolated tier-wise sourcing strategy and study price sensitivity using case data.
Inventory cost optimisation models for decentralised and centralised sourcing strategy in multi-tier supply network
To develop the models, multiple sources of supply for a specific end product are considered. In addition, for SS and OQA decisions based on customer demand, only few best performing quality suppliers are given preference for proportion volume business. In this study, a simplified two-tier supply network is considered for mathematical modelling which can be extended to n-tiers without loss of generality. The first level (or stage 1) of suppliers, who supply to OEM are Tier-I suppliers, and Tier II suppliers (or stage 2) provide semi-finished products to Tier-I suppliers. With this assumptions, inventory cost optimisation models are developed for decentralised and centralised sourcing strategy. A relevant earlier work by Mendoza and Ventura (2012) considered Tier-I suppliers for mathematical modelling. They proposed mixed integer nonlinear programming (MINLP) to select best set of suppliers and subsequently allocate proportions to these suppliers. Objective of their study was to minimise inventory cost per unit time, considering capacity and quality constraints for selected suppliers. However, their model does not consider any penalty cost for supplier(s) not adhering to quality norms. In addition, storage space limitation of purchasing organisation which is an operational constraint is not considered for inventory optimisation as recommended by researchers (Zhao et al., 2007) . In this work, proposed mathematical model is developed considering penalty cost, manufacturing capacity, acceptance rate of suppliers, and storage space as constraint conditions for both OEM and Tier-I suppliers. In addition, multi-echelon inventory (MEI) concept is used to minimise inventory cost per unit time for centralised sourcing strategy. Centralised and decentralised optimal inventory costs are compared to arrive at cost advantage using a real life industry case. Overall models are formulated as MINLP problem and suitable solution approach is adopted for arriving at optimal or near-optimal solutions. Necessary assumptions for developing the models are given below.
Model assumptions
In order to study multi-tier supply network in the context of centralised sourcing strategy, following assumptions made.
1 Conditions to arrive at economic order quantity (EOQ) for OEM are: Shortages not allowed, constant demand rate, (Q) units replaced every time with zero lead time.
There is fixed set-up cost per order for Tier-I supplier (S ij ). Holding cost per unit per unit time for OEM is (h 2 ).
A graphical illustration is provided in Figure 2 , which shows order quantity from OEM is (Q), and that from Tier-I suppliers is (nQ) and basic EOQ model is assumed for OEM. Each time an order is placed to Tier-I supplier, Q units are transferred to OEM instantaneously. Thus, effective inventory with Tier-I suppliers becomes (nQ -Q), which leads to inventory pattern as shown in Figure 2 . 
Notations for optimisation models
For developing the models for supply network optimisation, Table 3, Table 4 , and Table 5 provides details on various mathematical notations adopted in this work. 
J ij
Number of orders allocated at stage (i) with Tier-I supplier (j) per order cycle.
J ijk
Number of orders allocated at stage (i) with Tier-I supplier (j) and Tier-II supplier (k) per order cycle.
K ij
Set-up cost per order at stage (i) for Tier-I supplier (j).
K ijk
Set-up cost per order at stage (i) for Tier-I supplier (j) and Tier-II supplier (k).
nijk
Order quantity multiplier at stage (i) for Tier-II supplier (k) associated with Tier-I supplier (j).
PC ij
Production capacity per unit time at stage (i) with Tier-I supplier (j).
PC ijk
Production capacity per unit time at stage (i) with Tier-II supplier (k) associated with Tier-I supplier (j).
P ij
Unit price of the component/item at stage (i) for Tier-I supplier (j).
P ijk
Unit price of the component/item at stage (i) for Tier-II supplier (k) associated with Tier-I supplier (j).
q i
Minimum acceptance rate for all the suppliers at stage (i).
q ij Acceptance rate at stage (i) with Tier-I supplier (j).
q ijk Acceptance rate at stage (i) with Tier-I supplier (j) and Tier-II supplier (k).
SP
Unit storage space for the component/item in m 3 .
TSP ij Total storage space in m 3 allocated at stage (i) for Tier-I supplier (j) as allocated by OEM per unit time.
TSP ijk Total storage space in m 3 allocated at stage (i) for Tier-II supplier (k) as allocated by Tier-I supplier (j) per unit time.
δ ij
Per order set-up cost penalty at stage (i) for Tier-I supplier (j).
δ ijk Per order set-up cost penalty at stage (i) for Tier-II supplier (k) associated with Tier-I supplier (j).
Table 5
Decision variables
J ij
J ijk
n ijk
Q
Optimum order quantity at stage-1.
Mathematical models for inventory cost optimisation
In this research, two different mathematical models are proposed. Initially, a MINLP model is proposed for single-tier supply network with decentralised sourcing strategy. Subsequently, this model is modified for multi-tier supply network, considering centralised sourcing strategy.
Model formulation for single-tier decentralised sourcing strategy
Assuming a single product under deterministic demand (d) scenario, materials are procured from Tier-I suppliers by OEM. For optimising such sourcing network, a mathematical model was proposed by Mendoza and Ventura (2010) . This model was developed for multi-stage SC system, consisting of Tier-I suppliers, manufacturer, warehouse, distribution centre, and a retailer. SS and OQA was done at stage one and overall SC inventory cost optimisation per unit time was done using MEI concept. In this study, this model is modified by considering set-up penalty cost for selected supplier (s) who does not adhere to quality norms. Storage space limitations of OEM and Tier-I suppliers are also considered as constraint conditions. To explain the modified model, Figure 3 shows inventory cycle considering three different suppliers. In Figure 3 , for one order cycle (OCT), two orders are allocated to supplier (S 11 ), followed by single order each to suppliers (S 12 ) and (S 13 ) in Tier-I.
Figure 3 Inventory cycle of OEM for single stage supply system
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Demand occurs at constant rate (say, d), and every time an order is placed with supplier (S 1j ) for an order quantity (Q). Thus, cycle time for single order may be expressed as:
In one order cycle time (OCT). Number of orders allocated to Tier-I supplier (S ij ) is:
, .
Then, length of OCT.
Set-up cost per unit time for all selected suppliers is sum of product of set up cost (K ij ), plus any penalty cost per order (δ ij ) for a supplier for not adhering to minimum acceptance rate (q 1 ) set for the suppliers, with number of orders (J ij ) allocated to individual supplier (S ij ), divided by total cycle time (OCT). Thus, set-up cost per unit time may be expressed as:
Average holding cost per unit time for an order cycle is a product of average price from all the suppliers, inventory holding rate (%) per unit time (a) and average inventory (Q/2). This implies: 
Purchasing cost per unit time is a product of average cost per unit and demand per unit time (d). 
With the above cost information, model (Model-I) for single-tier supply network optimisation is expressed as
Model-I
Minimise ( )
Subject to:
, , ,
0, and interger, ,
1, and interger. Q ≥
The first term of the objective function, as given in equation (7), represents set up cost per unit time. The second term represents holding cost, and third term represents materials procurement cost per unit time for all the suppliers. Constraints on production capacity are expressed in equation (8), and quality constraints for all the suppliers are represented by equation (9). Storage space requirement for OEM is added in equation (10). Set-up cost penalty per order are considered in equations (11) and (12). Based on above model equations (7)- (14), order quantity (Q) and number of orders (J ij ) for all the suppliers can be computed which can help divide total demand (d) among all suppliers (S ij ) as:
Model formulation for multi-tier coordinated centralised sourcing strategy
In a supply network design, consisting of OEM, and Tier-I and Tier-II suppliers, coordinated sourcing strategy may outperform, in terms of inventory cost, compared to independent decentralised sourcing strategy (Mendoza, 2007) . Thus, to assess any possible cost advantage, a real life case-based comparative study between coordinated and interdependent supply network with independent decentralised sourcing strategy at various tier deemed it necessary. For such comparison, a mathematical model for coordinated procurement and inventory decisions is developed for multi-tier supply network, based on MEI concept. Objective of coordinated procurement strategy is to minimise inventory cost per unit time for overall supply network. Detailed mathematical model for coordinated two-tier supply network is given in Model-II below. 
Model-II
Minimise
, and interger
In the objective function [equation (16)], first two terms represent set-up costs for Tier-I and Tier-II suppliers, respectively. Third and fourth terms represent materials procurement costs for these suppliers. Finally, fifth and sixth terms represent inventory carrying cost for Tier-I and Tier-II suppliers based on MEI concept. Capacity constraints for Tier-I and Tier-II suppliers are expressed in equations (17) and (18). Whereas, quality constraints are considered in equation (19) and equation (20) for Tier-I and Tier-II suppliers respectively. Storage space constraints of OEM and Tier-I suppliers is taken care of by equations (21) and (22) respectively. Set-up cost penalty are expressed in equations (23)- (26). Allocation proportion for Tier-I and Tier-II suppliers is given by equations (30) and (31) respectively.
Optimal solution approach for SS and OQA decisions for decentralised and centralised multi-tier supply network
Considering mathematical models discussed in Sections 3.3.1 and 3.3.2, suitable optimal solution frameworks are proposed for independent and coordinated multi-tier sourcing strategy.
Solution approach for single tier decentralised sourcing strategy
Solution framework for single tier decentralised sourcing strategy consisting of SS and OQA is illustrated in Figure 4 . Detailed steps of the framework are discussed below.
Step 1 From existing enlisted suppliers, organisation always prefers to select best set of suppliers for OQA. Different tools used for SS are given in Figure 4 . Since multiple criteria need to be considered for SS decision, multi criteria desirability function approach (Derringer and Suich, 1980 ) is proposed in this study. Desirability function converts multiple criteria into a single criterion by maximising composite desirability index. Desirability value always lies between 'zero' to 'one'. Value of 'one' indicates desired response (output or quality characteristic) hitting ideal (nominal or desired) value.
For nominal the best (NTB) type of criterion (or response), desirability function is expressed as: 
Criteria suggested and used for SS are price, process capability index (C pk ), defective parts per million opportunities (DPMO), on-time delivery (%), lead time, and current ratio. Dickson (1966) and Weber et al. (1991) emphasised price as an important variable for SS. Mendoza and Ventura (2007) emphasised that there is growing emphasis on quality indicators, such as process capability index (C pk) and DPMO for SS. With more emphasis on JIT, on-time delivery (%) and lead time are considered critical. In this study, financial state of suppliers is expressed in terms of current ratio (Braglia and Alberto, 2000) . This ratio is also included as critical variable for SS process.
Step 2 Various OQA optimisation tools proposed are given in Figure 4 . To determine OQA, Model-I given in Section 3.3.1 is used. Optimal solution to the MINLP model is arrived by minimising inventory cost per unit time.
Solution approach for multi-tier coordinated centralised sourcing strategy
In a multi-tier supply system, OEM purchases items/components from Tier-I suppliers. These suppliers in turn procure unfinished/semi-finished items/components from Tier-II suppliers (Bagul and Mukherjee, 2015) . Figure 5 gives stepwise proposed approach for optimisation of multi-tier supply network. For optimising multi-tier supply network, step one is SS for Tier-I and Tier-II suppliers. This is followed by optimisation process for decentralised and later for coordinated supply network. Comparative study on solutions for decentralised and coordinated centralised sourcing strategy will provide details on cost advantage (if any). Stepwise procedure is as follows.
Step 1 In a multi-tier supply system, SS is done for Tier-I and Tier-II suppliers using desirability function approach discussed in Section 4.1. This can help organisation focus on best set of quality suppliers for OQA.
Step 2 For decentralised supply system, OQA for selected Tier-I suppliers is done using Model-I as given in Section 3.3.1. Decision on selection of number of suppliers is based on sourcing objectives of an organisation.
Step 3 Based on Model-I, and demand information (d 1j ) for Tier-I suppliers (S ij ) [derived in
Step 2], number of orders allocated to selected Tier-II suppliers (J 2jk ) is obtained as:
Step 4 Decentralised inventory cost performance of multi-tier supply system is obtained by adding inventory cost for Tier-I suppliers [given in
Step 2] and of Tier-II suppliers [given in
Step 3].
Step 5 For coordinated centralised sourcing strategy, OQA is done using Model-II given in Section 3.3.2.
Step 6 Based on Step 5, inventory cost per unit time for coordinated supply network is obtained.
Step 7 Supply network cost advantage (SNCA) is derived as difference between inventory cost per unit time for decentralised supply system [obtained in
Step 4] and coordinated centralised supply system [obtained in
Step 6 
Step 8 In order to have flexibility in the decision of OQA, genetic algorithm (GA) can be used to obtain multiple near-optimal solutions for coordinated multi-tier supply network. Esbensen (1995) has demonstrated GA's potential in generating near-optimal solutions for MINLP problems. In this study, MATLAB Optimisation tool box (Mathworks, 2012 ) is used to generate near-optimal solutions using GA.
Step 9 For gauging sensitivity of SNCA with unit component/item cost, average unit cost for Tier-I as well as Tier-II suppliers is varied at different levels and SNCA values are calculated for illustration.
Real life case study
To demonstrate SNCA, a real life multi-tier supply network of an electric goods manufacturer, located in Western India, is selected. Stepwise detailed analysis of proposed approach [decentralised and centralised strategy-based] on actual case data is discussed below.
Step 1 This organisation had five Tier-I suppliers, supplying copper epoxy moulds, and wanted to first consolidate supplier base and optimise the supply network to enhance product quality and inventory performance. Based on desirability function approach, as elaborated in Section 4.1, SS for Tier-I suppliers is done. Actual data, relevant to SS decisions, is provided in Table 6 . After determining maximum, minimum and target values of each variable for the organisation, individual desirability values are calculated using equation (32) . From these desirability values, overall desirability index is calculated using equation (33). Table 7 provides these desirability index values for each supplier. After discussion with competent authorities, two suppliers having highest overall desirability function values are selected.
In this organisation, for the specific product considered, there were only two suppliers to each Tier-I supplier. Thus, SS decision was restricted to only Tier-I suppliers.
Step 2 Two Tier-I suppliers, for a specific product, were considered for further study. Moldings were procured from Tier-II suppliers, which were processed by Tier-I suppliers and supplied to OEM. Demand rate at OEM was 24,000 units per year. Inventory carrying cost rate (a) with OEM was 8% and that for Tier-I suppliers (b) was 12% per annum. Minimum acceptance rate for OEM was 98% and that for Tier-I suppliers was 95%. Also set up penalty cost (δ) for all suppliers was set at Rs.100 per order. Unit storage space for the component was 0.002 m 3 .Other relevant data for Tier-I suppliers is given in Table 8 .
Based on demand information from OEM, Model-I given in Section 3.3.1 is used for allocation of proportion for Tier-I suppliers. Nonlinear optimisation software, LINGO (LINDO, 2015) , is used to obtain the optimal solution. Optimisation technique for MINLP, used by LINGO is reduced gradient method suggested by Ladson et al. (1978) . Table 9 provide result on allocation of proportion for Tier-I suppliers. Step 3 There were only two Tier-II suppliers associated with each Tier-I supplier. Data for Tier-II suppliers is given in Table 10 . With demand information for Tier-I suppliers obtained in Step 3, Model-I is used for allocation of proportion for Tier-II suppliers. Table 11 gives result of allocation of proportion for Tier-II suppliers. Step 4 Based on Step 3 and Step 4, inventory cost performance for Tier-I and Tier-II supplier is given in Table 12 . Thus, total inventory cost for decentralised supply network can be obtained by summing inventory cost of Tier-I and Tier-II suppliers. This comes to Rs. 14197844 per year.
Step 5 For the coordinated centralised sourcing strategy, based on Model-II formulation and using data provided in Table 8 and Table 10 , allocation demand for supply network is obtained. Optimal solution is derived from LINGO (LINDO, 2015) . Table 13 shows the results of demand allocation. Step 6 Based on
Step 5, inventory cost of supply network is derived as Rs.13956970 per year. In order to know whether solution obtained for coordinated centralised supply system is local minimum or not, inventory cost function of Model-II was solved for different values of (Q). The function is found to be convex with minima for order quantity (Q) of 760.
Step 7 From the Steps 4 and Step 6 and using equation (35), SNCA is Rs.240874 per year. Thus, there is an evidence of cost advantage of about 1.69 % over decentralised supply system for a single product with two-tier supply network.
Step 8 In order to have flexibility in the decision of allocation of proportion, GA is used to derive multiple solutions for independent and coordinated sourcing decisions. MATLAB optimisation tool box (Mathworks, 2012 ) is used to generate varied near-optimal solutions. For decentralised supplier groups as well as coordinated supply network, nearly 100 solutions were generated. Taking into consideration organisation requirement, number of orders (J's) for all suppliers in a group was restricted to 100 and upper bound on order quantity multiplier (n's) was restricted to ten. From the solutions generated, ten best near-optimal solutions were selected as given in Table 14 .
Last column of Table 14 gives percentage deviation of inventory cost from the solution derived using LINGO (LINDO, 2015) . As the order quantity and number of orders in each iteration is different, it gives enough flexibility to OEM to take decision on allocation of proportion. Table 15 provides average cost of ten best solutions for both kinds of supply systems.
Total inventory cost per year for independent supply network is derived as Rs. 14197844.25 against Rs. 13960368.76 for coordinated supply system. Thus there is cost advantage of about Rs. 237475.6 per year for a single product. Step 9 To gauge sensitivity of SNCA with unit component/item price, average component/item price for Tier-I as well as Tier-II suppliers was varied at five different levels. From the solutions obtained using LINGO (LINDO, 2015) , SNCA values are obtained. Table 16 gives result on price sensitivity. Two types of solutions are obtained. In the first type, order quantity multiplier (n) for Tier-II suppliers was restricted to three and in the second type it was unrestricted. Figure 6 shows SNCA performance for coordinated supply system for both the cases discussed above. As can be observed from Figure 6 , higher the variability in unit price of materials among suppliers, higher would be the SNCA for a particular item/product. Also network, where order quantity multiplier (n) for Tier-II suppliers is unrestricted, outperforms compared to a network when it is restricted. Thus, considering the results reported in Table 16 , it would be advantageous to go for unrestricted value of order quantity multiplier (n). To further support this point, Table 17 provides stage-wise inventory cost performance of coordinated supply network with decreasing value of (n). First row of Table 17 represents optimum value of (n's) with inventory cost for Tier-I and Tier-II suppliers. Second row onwards, values of (n's) are decreased and inventory performance is calculated for supplier groups. Last column of Table 17 gives deviation in inventory cost with respect to best solution obtained. Figure 7 shows these deviations with decreasing values of (n's). Decrease in the value of (n's) will increase overall supply network inventory cost. This is turn decreases inventory cost for Tier-I suppliers and increases inventory cost for Tier-II suppliers. However, rate of increase in inventory cost for Tier-II suppliers is more compared to rate of decrease in inventory cost for Tier-I suppliers.
Conclusions
This paper contributes to the existing literature by developing coordinated sourcing strategy for multi-tier supply network. The work provides evidence on cost and quality performance advantage for centralised coordinated supply network. A mathematical model, considering space constraint and quality penalty for non-compliance, is developed for centralised and decentralised sourcing strategy. A suitable industry case study is selected to illustrate proposed solution approach for proportion allocation decisions and derive SNCA for centralised SS. Few important observations from the study are:
1 The case study revealed that coordinated supply network outperforms independent and isolated supply network decisions. Results show that coordination improves network performance, sustainability, and ensures product quality at all stages.
2 There exists close link between unit price variability at different tiers of supplier and SNCA. Higher unit price variability increases the cost advantage for coordinated supply network. Thus, there may be greater cost advantage for organisation exhibiting higher price variation among suppliers.
